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ABSTRACT Sequence-specific DNA-protein interactions
are basic to DNA function. To better understand these inter-
actions, we studied the effect of position on cleavage ofDNA by
the type II restriction enzyme (EC 3.1.21.4) Nae I. We discov-
ered two classes of Nae I restriction sites: sites susceptible and
sites resistant to cleavage. Kinetic analysis showed that Nae I
was activated by DNA containing cleavable Nae I sites to
rapidly cleave resistant Nae I sites by a noncompetitive mech-
anism with a Km for substrate DNA of about 2 nM and a KA for
activating DNA of about 6 nM; activation increased catalysis
but not substrate binding. Deletion mutagenesis in vitro showed
that sequences flanking the Nae I recognition site were respon-
sible for the differences between activating and nonactivating
Nae I sites. The polyamine spermidine had a dramatic effect on
the interaction of Nae I with DNA; in the presence of 1 mM
spermidine, resistant sites were cleaved rapidly and cleavable
DNA inhibited cleavage. The direct regulation of enzymatic
activity by DNA sequences in trans, and the modulation of this
regulation by a polyamine that is sensitive to the cell cycle,
provides a regulatory switch mechanism. The implications of
this switch for biological control functions are discussed.
The type II restriction/modification systems (1), like the
repressors (2), are important model systems for sequence-
specific DNA-protein interactions that are basic to many
biological processes. In the course of studying these inter-
actions, we made the quite unexpected discovery that cleav-
age by the type II restriction enzyme Nae I can be controlled
by specific DNA sequences; the ability to cleave and the
action of external DNA sequences were in turn dramatically
affected by spermidine.
Nae I is isolated from Nocardia aerocolonigenes, a mem-
ber of a common family, Nocardiaceae, of soil actino-
mycetes. It cleaves within the sequence GCC/GGC (ref. 3
and supplier catalogs) and, like other type II enzymes,
requires only Mg2+ for activity and exhibits only a single
function, cleavage. Using commercially available Nae I, we
found DNA sequences containing Nae I recognition sites that
were cleaved rapidly and Nae I sites that were almost totally
resistant to cleavage. Studies of Nae I interaction with these
sites showed that Nae I was activated to rapidly cleave
resistant sites and that the activator was a cleavable Nae I
site. The activated cleavage reaction followed Michaelis-
Menten kinetics, which indicated that activation was non-
competitive and worked by increasing catalysis rather than
by increasing the affinity of the enzyme for its substrate.
Deletion mutagenesis in vitro showed that sequences flanking
the Nae I recognition site were responsible for the enzyme-
regulatory properties ofthe cleavable sites. Spermidine could
reverse the effect; in the presence of 1 mM spermidine,
resistant sites were cleaved rapidly but cleavable DNA
inhibited their cleavage, providing a regulatory switch mech-
anism.
MATERIALS AND METHODS
Restriction enzyme cleavage reactions were performed in 10
IL1 containing 0.15 pug (2.6 nM) of M13mpl8 replicative form
I (RFI) DNA (New England Biolabs) or pBR322 DNA, 2 units
of Nae I (reported to be >95% pure; New England Biolabs)
where indicated, 2 mM NaCI, 1 mM Tris/HCl (pH 8.0), 1 mM
MgCl2, 0.5 mM 2-mercaptoethanol, and 0.1 pug of bovine
serum albumin. Given concentrations (molecule basis) of
oligonucleotide duplex were added in addition to M13mp18
DNA where indicated. pBR322 DNA (0.15 tug) was added
where indicated (a 40% molar excess to M13mpl8 DNA).
Reaction mixtures were incubated at 370C. Qualitative reac-
tions shown in gel pictures were incubated for 1 hr; quanti-
tative reactions to determine kinetics of cleavage were incu-
bated for 20 min to be sure we were within the linear range
of the cleavage reaction, which was determined to be at least
40 min. The reactions were stopped by placing the tubes on
ice. Reaction products were electrophoresed in a 1% agarose
gel, and the gel was stained with ethidium bromide and
photographed under ultraviolet light.
Oligodeoxynucleotides were synthesized by machine (Ap-
plied Biosystems model 380A). The two longest oligonucle-
otides were purified by gel electrophoresis, eluted from the
appropriate gel slices, and precipitated with ethanol. The
other oligonucleotides were used directly after precipitation
with ethanol.
Nae I cleavage reactions were monitored by quantitative
gel assays. Products of Nae I cleavage were separated by
agarose gel electrophoresis, the DNA bands were visualized
by ethidium bromide staining, and the cleavage was mea-
sured by densitometric analysis of photographic negatives.
This method is quantitative (4) and has the advantage of
detecting reaction intermediates such as nicked circles in the
case of supercoiled substrates (1).
RESULTS
Analysis of Susceptibility to Cleavage by Nae I. A small
survey of DNAs uncovered single Nae I sites that were
resistant to cleavage (Table 1 and Fig. 1); resistance was
defined as the inability of 2 units of Nae I to significantly
cleave a site contained in 0.15 ,ug ofDNA in 1 hr at 37°C. This
resistance was independent of supercoiling, since super-
coiled and linear bacteriophage M13mpl8 (9) double-
stranded DNA were resistant to cleavage by Nae I.
Cleavable sites were found in both multisite DNAs and
DNAs containing single sites. The rates of cleavage appeared
to vary up to 5-fold among the cleavable sites studied.
Abbreviation: RFI, replicative form I.
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Table 1. Cleavage of Nae I recognition sites in various DNAs
No. of
DNA* Conformationt sites Cleavedt Activating§ Activated$
pBR322 sc, nk, or lin 4 Yes Yes No
Nae I precut 0 No
pBR322 fragments
1283 site 2319 bp 1 Yes Yes No
401 plus 769 1810 bp 2 Yes Yes No
401 (pSP64) sc 1 No No Yes
M13mpl8
Site 5613 sc, nk, or lin 1 No No Yes
5613 (pUC-fi) sc 1 No No Yes
DHFR-pUC18 sc 1 No No Yes
pSV2
Sites 1326 and 1609 lin 2 Yes Yes No
1326 (pMClneo) sc 1 No No Yes
R208 sc or lin 5 Yes Yes No
ss 0 No
Oligomer duplex 1 ds 1 Yes Yes
ss 0 No No
*Coordinates are for the first 5' base of Nae I recognition sequence. Some phage and plasmid Nae I
sites, defined as recognition sequence plus at least 25 bases each of 5'- and 3'-flanking sequence, exist
on other plasmids: pBR322 Nae I site 401 is the only Nae I site in pSP64 (Boehringer Mannheim) (see
text); pUC-fl (Pharmacia) contains M13mpl8 sequences [Nae I site plus 127 base pairs (bp) of 5'- and
388 bp of 3'-flanking sequence]; pSV2 contains only two Nae I sites (5), one of which (with 624 bp
of 5'- and 163 bp of 3'-flanking sequence) resides in pMClneo (6) (Stratagene). DHFR-pUC18 (gift of
Jane Azizkhan, Lineberger Cancer Research Center, University of North Carolina) contains 216 bp
of the hamster dihydrofolate reductase gene (nucleotides -238 to -23 on the map as per ref. 7),
including a single Nae I site and 51 bp of 5'- and 159 bp of 3'-flanking sequence. R208 contains
M13mpl8 and pBR322 in the same molecule (8).
tsc, Supercoiled; nk, nicked; lin, linear; ss, single-stranded; ds, double-stranded. Linear molecules
were precut at unique, non-Nae I restriction sites. Precutting with Nae I was used to destroy all Nae
I sites in pBR322.
tCleaved by Nae I in the absence of additional DNA or spermidine.
§Activating Nae I cleavage of M13mpl8 double-stranded supercoiled DNA.
$Activated by the cleavable Nae I site contained in oligonucleotide duplex 1 (see Table 2).
However, the resistant sites were uniquely separable as a
class from the cleavable sites.
It was possible that a contaminant in the preparations of
some of the DNAs was responsible for their resistance to
cleavage by Nae I. Therefore, resistant M13mpl8 and cleav-
able pBR322 DNAs were added in the same reaction to see
whether cleavage of pBR322 was inhibited (Fig. 1). Surpris-
ingly, resistance of M13mpl8 DNA to cleavage by Nae I was
overcome by the presence of pBR322 DNA. DNAs with only
resistant sites did not overcome the resistant Nae I site in
M13mpl8 DNA (Table 1); this is consistent with the inability
of M13mpl8 DNA to enable its own cleavage (Fig. 1).
Addition of other cleavable sites, but not resistant sites, was
found to overcome resistance to cleavage by Nae I (Table 1).
This activation of the enzyme to cleave resistant sites was
independent of supercoiling, since supercoiled, relaxed, and
linear pBR322 equally activated Nae I to cleave M13mpl8
DNA. Activation was dependent on the presence of a cleav-
able site; neither pBR322 precut with Nae I nor DNAs
without Nae I sites activated Nae I to cleave double-stranded
M13mpl8 DNA (Table 1). Nae I activity at cleavable sites
was not enhanced by addition of other DNAs. Of course, the
addition of high concentrations of other sites reduced cleav-
age due to competition for enzyme.
The requirement for cleavable sites suggested that Nae I
required two bound recognition sites for activity. Any two
sites were not sufficient; one of those sites had to be
cleavable.
Are All Nae I Sites in pBR322 DNA Cleavable? The four Nae
I sites in pBR322 (nucleotides 401, 769, 929, and 1283 on the
map as per refs. 10 and 11; the coordinate of the first 5' base
of the recognition sequences is given) are all cleavable, but at
different rates. One, nucleotide 401, is cleaved rapidly, one
(nucleotide 1283) is cleaved about 5-fold slower, and the
other two fall in-between (data not shown). We restricted
pBR322 DNA with Bgt II and isolated two of the fragments.
One contained the nucleotide 1283 Nae I site by itself, the
other contained the Nae I site at nucleotide 401 together with
the site at 769. We took advantage of the fact that a fragment
of pBR322 DNA containing the 401 Nae I site and 35 bp of
5'- and 250 bp of 3'-flanking sequence resides as the only Nae
I site in the plasmid pSP64 as a consequence of its ancestry
(12). The nucleotide 401 Nae I site by itself on pSP64 was
resistant to cleavage; when together with the 769 site on the
same DNA fragment, the 401 site was cleaved; the 1283 site
by itself was cleavable but still reflected the slower rate it
demonstrated when part of pBR322 (Table 1). These results
show that (i) although all Nae I sites in pBR322 are apparently
cleavable, in actuality pBR322 contains a mixture of cleav-
able sites and resistant sites that interact, and (ii) the phe-
nomenon of resistance to enzyme cleavage appears unrelated
to the 5-fold difference in cleavage at the nucleotide 1283 site,
mentioned above.
Kinetics of Activated Cleavage by Nae I. The ability of
cleavable, but not resistant, Nae I sites to activate the
enzyme indicates a possibly important effect of DNA se-
quence outside the recognition site on enzyme binding or
catalysis. Therefore, a series of oligonucleotides was used
that contained an Nae I site and varying lengths of flanking
sequences (Table 2). Oligonucleotide duplex 1 contained an
Nae I-cleavable site and was about as effective as an equal
concentration of Nae I sites in pBR322 at activating Nae I
cleavage of M13mpl8 DNA (Fig. 1).
Cleavage of M13mpl8 DNA, when activated by this oli-
gonucleotide duplex, was linear for at least 40 min under our
conditions (data not shown). Increasing concentrations of
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FIG. 1. Activation ofNae I cleavage of a resistant site in M13mpl8 RFI DNA by DNA. (A) Lane 1, HindIII digest of A DNA (New England
Biolabs) for molecular size determination (sizes in kilobases at left). Lanes 2 and 3, effect of Nae I on pBR322 (isolated by established
procedures). Lanes 4-7, effect of Nae I on M13mpl8 RFI DNA in the absence or presence of pBR322 DNA. Note the production of linear
M13mpl8 DNA (arrow) only in lane 7. (B) M13mpl8 RFI DNA (2.6 nM) (lane 3) was cleaved by Nae I in the presence of oligonucleotide duplex
1(5.2 nM; Table 2) (lane 1) but not in its absence (lane 2).
activating oligonucleotide and increasing M13mpl8 DNA
substrate concentrations gave higher velocities of cleavage
(Fig. 2A). Activated Nae I obeyed Michaelis-Menten kinet-
ics; an Eadie-Scatchard plot of the kinetic results (Fig. 2B)
showed a Km of 2 nM for Nae I recognition site that was
independent of activator concentration. Vmax, however, var-
ied with activator concentration (Fig. 2B). The magnitude of
the Km is similar to that for EcoRI (13), which also recognizes
6 base pairs, and is similar to the binding constant for A
repressor binding to the operator sequence (2).
A replot of the kinetic results of Fig. 2A in terms of varying
activator concentration at constant M13mpl8 concentration
gave a KA of about 6 nM for oligonucleotide 1. The KA was
also determined, from the slope (= -KA) of a linear plot of
the y intercept of Fig. 2B against y intercept/[activator] (not
shown), to be about 10 nM.
Table 2. Deletion analysis of oligonucleotide activation of Nae I



















*Nae I recognition site is underlined.
tActivation of Nae I cleavage of M13mpl8 RFI DNA as compared
to cleavage caused by an equal concentration ofpBR322 Nae I sites:
+ + + +, full activation; + +, about 50% activation; -, no activation.
The characteristics of the kinetic results fit the classical
model for noncompetitive activation in which the effector has
no effect on substrate binding, and vice versa. According to
this model, the effector and the substrate bind reversibly,
randomly, and independently at different sites (ref. 14, pp.
125 and 400). M13mpl8 DNA was cleaved so poorly by
unactivated Nae I that the reaction can be considered to be
pure rather than partial noncompetitive activation (Fig. 2A),
in agreement with the classical model; this model assumes
that binding of activator distorts the enzyme to properly
position the catalytic center so that the enzyme/substrate/
activator complex is productive (ref. 14, pp. 125-129).
The noncompetitive mechanism is not obligate for all Nae
I sites, since the kinetics for cleavage of the oligonucleotide
activator was found to be first-order (unpublished results),
indicating that binding at only a single site was required for
cleavage of cleavable sites. The Km for cleavage of the
oligonucleotide activator duplex was 246 nM; this value
indicates the existence of two binding sites with different
affinity for the activating oligonucleotide duplex; the activat-
ing site with KA for the oligonucleotide duplex of6-10 nM and
the substrate binding site with Km of 246 nM for this same
molecule. The high Km for cleavage of the activator, 246 nM,
compared to that for cleavage of M13mpl8, 2 nM, explains
why the Eadie-Scatchard plots were linear in the presence of
two potentially competing substrates.
Flanking Sequences Affect Activation. Since only cleavable
sites activated Nae I, there must be DNA sequences external
to the recognition site that, together with Nae I recognition
site, define susceptibility to cleavage and enable activation.
Our results with oligonucleotide duplex 1 specifically indi-
cated the presence of such sequences within this relatively
short duplex. To better define those sequences, we deleted
regions from one or both recognition-site flanking sequences
(Table 2). The results indicate that sequences responsible for
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FIG. 2. Kinetics of Nae I cleavage ofM13mpl8 RFI DNA. (A) Reactions were performed as described in Fig. 1 legend except reactions were
stopped after 20 min. Oligonucleotide duplex 1 was added at the indicated concentration. Agarose (1%) gels were photographed and negatives
were scanned with a densitometer (Bio-Rad 1650). Linear DNA product is proportional to peak area (11). Reaction velocity is expressed in terms
of nanomoles of recognition site cleaved. (B) Eadie-Scatchard plot of kinetic results (ref. 14, pp. 214-218); Km = -1/slope; Vmax is x intercept.
are located mostly within 8-10 bases of flanking sequence on
both sides of the Nae I site.
Spermidine Changes Resistant Sites into Cleavable Sites and
Activation into Inhibition. Changes in DNA conformation can
be potentiated by particular cations such as spermidine
(15-18). These polymorphic variations have been detected
because ofthe easily measured changes in physical properties
associated with the alterations. However, it is likely that a
range of structural variation is possible. Therefore, we tested
spermidine at 1 mM for its effect on Nae I activation.
Spermidine at 1 mM greatly activated the cleavage of
resistant Nae I sites such as in M13mpl8 DNA, but had little
effect on cleavable sites. Perhaps most surprising, addition of
oligonucleotide duplex 1 completely inhibited Nae I cleavage
ofM13mpl8 in the presence of 1 mM spermidine. Analysis of
the effect of a wider range of spermidine concentration on
Nae I cleavage (Fig. 3) showed that cleavage of resistant sites
is switched on by either (i) cleavable Nae I sites in the
presence of low to no spermidine or (ii) about 1 mM sper-
midine by itself. And cleavage is switched off by either (i) the
combination of low to no spermidine and no cleavable sites
or (ii) the combination of about 1 mM spermidine and
cleavable sites.
As expected, the effect of spermidine on Nae I cleavage
was dependent on the overall cation concentration; other
cations compete with spermidine for binding to DNA. For
example, at 1 mM Mg2+ and 50 mM Na+, it took spermidine
at 6 mM to mimic the effect spermidine had at only 1 mM
(data not shown) on Nae I under low-salt conditions (condi-
tions given in Materials and Methods).
DISCUSSION
We have detailed the ability of DNA flanking sequences to
define cleavable and resistant classes of Nae I recognition
sites; the ability of cleavable Nae I recognition sites to
regulate the action of the enzyme against resistant sites in
vitro; and the surprising effect of spermidine on this regula-
tion. The regulation of cleavage by the type II restriction
enzyme Nae I raises questions about the role of such regu-
lation in restriction/modification systems and in DNA met-
abolic processes in general.
Possible Advantage of Activated Cleavage for Restriction.
The requirement for binding a cleavable recognition site
before cleavage of a resistant site is allowed may be a means
to protect the host cell DNA from inadvertent cleavage by a
fully activated restriction enzyme. The presence of a cleav-
able site that causes an allosteric change in the enzyme puts
the enzyme in a highly alert state that is able to find and cleave
resistant sites. The cost of this high state of alertness is the





















FIG. 3. (A) Effect of spermidine on Nae I cleavage of M13mpl8
RFI DNA. Reaction conditions were as described in Materials and
Methods except that reactions were stopped after 20 min and the
M13mpl8 DNA concentration was 3.4 nM. Oligonucleotide concen-
tration was 15.8 nM. (B) Results of agarose gel electrophoresis for
some of the spermidine concentrations. Note the opposing effects of
spermidine on linear M13mpl8 production depending on the pres-
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Implications for Control of DNA Metabolic Processes. The
ability to regulate the activity of Nae I and possibly other
restriction enzymes (refs. 19 and 20 and unpublished results)
raises the question of whether restriction is its only biological
function. Nae I was characterized as a restriction enzyme for
commercial purposes because of its ability to cleave DNA at
a specific sequence. The ability to regulate the activity ofNae
I begs speculation that restriction is not its function in vivo.
It is also possible that the regulatory properties are vestiges
of enzymes from which Nae I evolved. Both possibilities
suggest that the regulatory properties we report here may be
found elsewhere in DNA metabolic processes.
In this light, it is important to note that polyamines are
required for cell growth and that their production and activity
are regulated; the concentration of polyamines is low in
resting cells and increases rapidly when cells are stimulated
to divide (21, 22). In addition, all spermidine is found acety-
lated or as glutathionylspermidine in stationary-phase Esch-
erichia coli (21, 22). These modifications are rapidly con-
verted back to spermidine when the cells are stimulated to
grow. Ornithine decarboxylase, necessary for spermidine
synthesis, is highly regulated.
It has been suggested many times that polyamines have a
role in control of cell proliferation and cycling; the polyam-
ine-DNA regulatory switch provides a possible mechanism.
If we assume the presence of both activator and substrate
sequences as cis-acting elements in the cellular genome, then
the normal fluctuation of spermidine during the cell cycle
presents a potent yet simple regulatory switch (Fig. 4): high
spermidine turns off enzyme activity, low spermidine turns it
on. If the accessibility of the regulator DNA for the regulated
enzyme is blocked by, for example, another DNA-binding
protein, then we assume that the enzyme is inactive since in
this case two bound recognition sites are required for cleav-
age.
The DNA-Spermidine Regulatory Switch May Be Found in
Other DNA Processes. Protein-mediated DNA looping ap-
pears to enable proteins and distant DNA sequences to form
a complex that contributes to regulation of transcription,
recombination, and replication (refs. 23-26 and references
therein). The protein binding of multiple DNA sequences
makes us wonder whether the regulatory switch mechanism
detailed here could play a role in the regulation of these
processes. For example, transcriptional enhancer sequences
appear to be composed of multiple sequence motifs that can
be mixed and matched to give a strong enhancer. The
sequence motifs can activate transcription in cooperation
with one another or with duplicates of themselves (e.g., refs.
27-29); some of the sequence motifs show twofold symmetry
reminiscent of restriction enzyme binding sites (30). The
properties oftranscriptional enhancers are those expected for
FIG. 4. Possible switch mech-
+ on off anism for control of Nae I cleav-
DNA age of resistant sites. Interplay ofregulator DNA and spermidine
off on controls the switch: + spermi-
dine means physiological con-
centration; + DNA means the
- + presence of genomic sequences
spermidine available for enzyme binding.
an allosteric mechanism involving effector DNA sequences:
(i) the control sequences are binding sites for regulatory
proteins; (ii) multiple DNA binding sites are involved; and
(iii) the control sequences do not require a fixed distance
from the RNA start site.
Is regulation by DNA and polyamines prevalent in DNA
metabolic processes? Only further experimentation will pro-
vide the answer. The kinetics ofNae I activation by DNA and
the ability of spermidine to reverse this effect from activation
to inhibition, however, provide the basis for a unique regu-
latory mechanism.
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